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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-1788 

EFFECT OF m O D Y N A M I C  HEATING ON THE FLUTTER OF THIN 

FLAT-PLATE ARROW WINGS 

By Joseph M. Groen and Richard Rosecrans 

F l u t t e r  t e s t s  were made on t h i n  f l a t -p l a t e  aluminum arrow wings i n  a heated 
wind tunnel at a Mach number of 3 .  
mental f l u t t e r  boundary was obtained which showed t h e  e f f ec t  of aerodynamic 
heating. 
ered t h e  f lu t te r -ve loc i ty  index by as much as one-third. 
obtained a l so  indicated the  t rans ien t  nature of t h e  phenomenon. 

From the  resu l t s  of t he  t e s t s ,  an experi- 

Induced thermal stress resul ted i n  a loss of wing s t i f f n e s s  which low- 
The f l u t t e r  boundary 

Test r e s u l t s  a re  compared with calculated values of temperature and with 
na tura l  frequencies of vibrat ion and associated nodal pat terns .  
points  are compared with a calculated f l u t t e r  boundary f o r  an unheated wing. 

Measured f l u t t e r  

INTRODUCTION 

The use of thin,  low-aspect-ratio a i r f o i l s  on supersonic a i r c r a f t  and m i s -  
s i les has created a need f o r  information concerning t h e  aerothermoelastic behav- 
i o r  of such s t ruc tures .  It has been known f o r  some t i m e  t h a t  a i r f o i l s  subjected 
t o  aer0dynami.c heating, o r  any form of nonuniform heating which induces thermal 
s t r e s s ,  can experience a t rans ien t  reduction i n  overa l l  s t i f f n e s s  which makes 
them more susceptible t o  f l u t t e r .  
da ta  a re  avai lable  which show t h e  e f f ec t s  of both thermal and aerodynamic loadings 
on wing f l u t t e r .  
change i n  f l u t t e r  charac te r i s t ics  due t o  thermal stress are not presently 
avai lable .  

(See re fs .  1 t o  3 . )  O n l y  l imited experimental 

Proven theo re t i ca l  methods fo r  determining the  extent of t he  

/' I n  t h i s  investigation, a se r i e s  of wind-tunnel t e s t s  a t  elevated tempera- 
t u r e  w a s  performed on so l id  models of one thickness, and of t he  same material 
and planform, t o  es tab l i sh  a f l u t t e r  boundary. 
on models of a t.k?icker t o  pmbe t h e  effect. of aerodynamic heating on the  
f l u t t e r  of models scaled t o  a higher s t i f f n e s s  level .  The t e s t s  w e r e  made i n  
t h e  Langley 9- by 6-foot thermd s t ruc tures  tunnel. The experimental r e s u l t s  
were used t o  evaluate the  accuracy of ex is t ing  procedures f o r  t h e  determination 
of temperatures and natural  modes and frequencies of vibrat ion.  Measured f l u t t e r  
9nint .s  were c s q a r e d  ~ r t h  a calciiiateri r i u t t e r  boundary f o r  an unheated wing. 

Four addi t ional  tes ts  were made 



Temperature d is t r ibu t ions  were computed over t h e  e n t i r e  wing surface as a func- 
t i o n  of time, and the  r e su l t s  were compared with experimental temperatures. 

by t h e  method of reference 4 and compared with measured frequencies and nodal 
patterns.  The calculated modes and frequencies, along with piston-theory aero- 
dynamics, were then used as input data for computing a f l u t t e r  boundary by t h e  
method of  reference 5 .  

I Natural modes and frequencies of vibrat ion of t h e  unheated wings were calculated 

SYMBOLS 

A 

b 

C 

f 

h 

k 

kW 

1 

Npr 

NRe 

S 

S 

T 

T '  

Taw 

Te 

T r  

T W  

2 

cross-sectional area of a heat conduction element 

semichord a t  73-percent-span s t a t ion  

spec i f ic  heat 

cycl ic  frequency 

aerodynamic heat- t ransfer  coeff ic ient  

thermal conductivity of a i r  

thermal conductivity of wing material 

center-to-center length of a heat conduction path 

Prandtl  number 

Reynolds number 

surface area of a heat conduction element 

Rubesin correction f ac to r  

temperature at  start of a t i m e  i n t e rva l  

temperature a t  end of a t i m e  i n t e rva l  

adiabat ic  w a l l  temperature 

l o c a l  a i r  temperature a t  outer  edge of boundary l aye r  

recovery temperature 

temperature of wing mater ia l  

temperature r i s e  above ambient s t a r t i n g  temperature 



t thermal thickness of wing (equals one-half ac tua l  thickness) 

v velocity 

X dis tance from wing leading edge pa ra l l e l  t o  airstream 

c1 mass-density parameter, mass of w i n g  divided by mass of a conical 
volume of air enclosing t h e  w i n g  

P density of w i n g  material  

7 t i m e  

CU, calculated (unless otherwise noted) c i rcu lar  frequency of t h i r d  natural  
mode of vibrat ion 

Subscripts: 

m r e f e r s  t o  any element adjacent t o  element n 

n re fers  t o  any element 1 through 50 (see f i g .  6) 

m-n refers  t o  a boundary between elements m and n 

t re fe r s  t o  a stagnation condition 

1,2, ... r e fe r s  t o  natural  modes of  vibrat ion i n  order of occurrence 

MODELS, APPARATUS, AND TESTS 

Wing Models 

The models were wings of arrow planform with a s o l i d  cross-sectional area 
having beveled leading and t r a i l i n g  edges as shown i n  f igure  l ( a ) .  They were 
constructed from 2024-T3 aluminum-alloy p l a t e s  of two thicknesses, 0.125 and 
0.156 inch, with a root chord of 25.50 inches and a semispan of 12.75 inches. 
The w i n g s  had an aspect r a t i o  of 2. 
t r a i l i n g  edges w a s  approximately 14O. 
cated the  presence of thermal buckling along the leading edge, which w a s  then 
confirmed by radiant-heating tests.  
w a s  modified by f ive  1-inch-deep sawcuts, at 4-inch intervals ,  perpendicular t o  
the leading edge, t o  re l ieve  t h e  thermal-stress concentrations. 

The included angle between t h e  leading and 
Some preliminary wind-tunnel t e s t s  indi-  

Consequently, t he  leading edge of each wing 

The wings were supported r ig id ly  along t h e i r  e n t i r e  root chord by l-inch- 
The support approximated an i n f i n i t e  heat  sink which per- 

Connection d e t a i l s  are shown 
th ick  s t e e l  angles. 
mi t ted  no thermal expansion i n  the  clamped area. 
i:: fip~i.re l(b) . 
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. I 2 5  
1 . 0 2  1 or  1 - 1 . 2 7 5 2  r l .  156 1 

/ 

I ".:" 9.00 
I Clamped a r e 0  

(a )  w i n g  geometry. 

R e f l e c t i o n  

Model mount 

(b) Root support. 

Figure 1.- Wing model d e t a i l s .  Linear dimensions are i n  inches.  

Fourteen wing models were used i n  t h i s  investigation; t e n  were 0.125 inch 
th ick  and four  were 0.156 inch th ick .  
wings Al t o  A10 and the  0.156-inch-thick models are designated wings B1 t o  B4. 

The 0.125-inch-thick models are designated 

Instrument at ion  

Each w i n g  w a s  instrumented with thermocouples and s t r a i n  gages located 
according t o  the  master i n s t m e n t a t i o n  diagram shown i n  f igure  2. Three wings 

were instrumented completely; other  
w i n g s  u t i l i z e d  l e s s e r  amounts of 
instrumentation, but always at the  
loca t  ions shown. 

T h c ~ m o c o Y P I C  
No X-Coor d  I n a t e  Y-Coordlnote 

0 kndceotes I o c a t l o n  o f  
bock-t-bock s t r o ~ n  goges  

0 ;;;;;;t;; ;;;;;;::";:: 
The thermocouples were of iron- 

constantan, No .  36 wire, formed t o  
a bead and spot-welded t o  the  wing 
surface.  Individual lead wires w e r e  
cemented t o  the  wing i n  a d i rec t ion  
perpendicular t o  t h e  leading edge 
toward the  root .  After t h e  wires 
were cemented i n  place they were 
f a i r e d  over with s i l i cone  rubber t o  
minimize disturbance of t h e  air f low,  

Bakelite s t r a i n  gages, placed 
back-to-back on opposite s ides  of 
t h e  wing and wired i n t o  double- 
active-arm bridge c i r cu i t s ,  were 
cemented j u s t  above the wing root 

Figure 2.- Location of instrumentation. Linear 
dimensions a re  i n  inches. 
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near t h e  trailing edge as shown i n  f igure  2. These gages were not intended t o  
determine s t resses ,  but were used only t o  record vibrat ion frequencies during the  
wind-tunnel t e s t s .  

Mode 1 

High-speed motion-picture cameras running at 1,000 frames per second were 
operated i n  sequence t o  record model behavior. 
conjunction with t h e  strain-gage records t o  determine tes t  r e su l t s .  

The motion p ic tures  were used i n  

Mode 2 Mode 3 Mode 4 Mode 5 Mode 1 Mode 2 Mode 3 

Vibration Character is t ics  

Two separate measurements were made t o  determine t h e  na tura l  vibrat ion f r e -  
quencies of t h e  w i n g s ,  and t h e  r e su l t s  a r e  presented i n  t a b l e  I. An a i r - j e t  

TABLE I.- NATURAL VIBRA!PION FREQUENCIES OF TEST MODELS 

Frequency, I n  cps, f o r  - 
I I 

Models mounted 
i n  tunnel  

( semispan, 13.00 i n .  ) 

Models clamped i n  testing machine 
(semispan, 12.75 i n . )  

0.125-inch-thick wings 

Al 
A2 
A3 
A4 
A5 
A6 
A7 
A8 
A 9  
A10 

24.4 
26.0 
25.4 

25.5 

25.8 Average 146 253 

:alculat  e6 142 202 253 

0.156-inch-thick wings 
I I 

268 B 1  
B2 
I33 
B4 

--- 
180 
180 34.8 

35.2 4verage 
I 

> d c u l a t  ed 

shaker w a s  used t o  exc i te  t he  w i n g s .  Resonance w a s  determined by neans of two 
e l e c t r i c a l  displacement-measuring coi ls ,  one mounted t o  determine t h e  frequency 
output of t h e  shaker and the  other  t o  determine t h e  frequency response of t h e  
w i n g .  The s i g n a s  f r o m  t h e  coils were f e d  in to  t h e  X- and Y-axes of an osc i l l o -  
scope, and at resonance a Lissajous e l l i p s e  was formed. Frequencies were meas- 
ured by a Stroboconn frequency meter. 
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The f i r s t  set of measurements w a s  obtained with t h e  w i n g s  clamped i n  a 

Nodes were obtained during these tests by 
The first f i v e  na tura l  frequencies and 

t e s t ing  machine. 
were no sawcuts i n  t h e  leading edges. 
sprinkling salt on t h e  vibrat ing w i n g .  
nodal pat terns  were obtained. The second set of measurements w a s  made j u s t  p r i o r  
t o  testing, with t h e  w i n g s  mounted i n  t h e  tunnel tes t  section. For these  meas- 
urements, t h e  w i n g  semispan w a s  13.00 inches and t h e  leading edge w a s  segmented 
by sawcuts. 

For these t e s t s ,  t h e  wing semispan w a s  12.75 inches and there  

Only t h e  first three  na tura l  frequencies were obtained. 

Span, i n .  

13.00 
12-75 
1 2  * 75 

I n  order t o  separate the  e f f ec t  upon frequency of t h e  leading-edge sawcuts 
from t h a t  due t o  t h e  change i n  span, one model ( w i n g  A9)  w a s  subjected t o  fur ther  
vibrat ion tests. 
i a t i o n  i n  span, and then with a var ia t ion  i n  leading-edge condition. The results 
a re  as follows f o r  t h e  first f i v e  frequencies: 

The wing w a s  clamped i n  t h e  testing machine, f i r s t  with a var- 

Frequency, i n  cps, f o r  - 
Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 

No 26.8 84.8 140.8 201.7 244.7 

Sawcut s 

No 27.4 87.8 143.5 208.2 252.7 
Yes 27-5 87.8 144.3 205.6 251.0 

The ef fec t  of a change i n  span i s  seen t o  be la rge  i n  comparison with t h e  e f f ec t  
of t he  sawcuts. Root clamping forces  between 10,000 and 60,000 pounds d id  not 
a f f e c t  t h e  frequencies. A l l  data were therefore  obtained with a root clamping 
force of 30,000 pounds. The models were made from commercial aluminum sheets 
which varied i n  thickness by as much as 3 percent. 
w a s  used f o r  all the  frequency measurements tabulated above so t h a t  no e r ro r s  
would be introduced by differences i n  wing thickness. 
t h i s  var ia t ion i n  thickness can adcount f o r  some of t h e  s c a t t e r  i n  the  tes t  da ta  
where more than one model i s  involved. 

Consequently, t h e  same wing 

It should be noted t h a t  

Natural modes and frequencies of vibrat ion were calculated f o r  a 0.125-inch- 
th ick  w i n g  by t h e  method of reference 4, and the  frequencies are given i n  table 1 
A short  discussion of t h e  method i s  given i n  t h e  appendix. A span of 12.75 inche 
w a s  used i n  t h e  calculations; therefore,  calculated frequencies should be com- 
pared with measured values f o r  t h e  same span. 
Mode shapes f o r  t h e  f irst  four  modes are shown i n  f igure  3. 
node l i n e s  were established and compared with experimental nodes i n  figure 4.  
The calculated nodal pat terns  are seen t o  be similar t o  t h e  measured pa t te rns  
f o r  all modes. 
reasonable t o  place confidence i n  the  accuracy of t h e  m 0 d . d  displacements at  
points  not on node l i nes .  Such a conclusion w a s  substant ia ted by a number of 
additional calculations and measurements f o r  w i n g s  of d i f f e ren t  thickness, 
material, and planform which gave s imi la r ly  good agreement f o r  both frequencies 
and nodal pat terns .  

Agreement i s  seen t o  be good. 
From t h e  mode shape: 

With both t h e  nodes and frequencies i n  good agreement, it seems 
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!a1 F i r s t  mode. ! b l  Second node. 

i c l  1 h I r d  mode. i d 1  Four th  mode.  

Figure 3.- Calculated natural  modes f o r  a 0.1s-inch-thick arrow wing. 

C a l c u l a t e d  

E x p e r i m e n t a l  

- - - _ - _  

Figure 4.- Comparison of calculated and experimental node l i n e s  for a 0.l25-inch-thick arrow w i n g .  
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Apparatus 

Wind tunnel.- The t e s t s  were made i n  the Langley 9- by 6-foot thermal s t ruc-  
t u re s  tunnel, a blowdown f a c i l i t y  operating at a Mach number of 3 and exhausting 
t o  t h e  atmosphere. 
provide stagnation temperatures from 250° F t o  660° F. 
from 1,300 t o  5,000 pounds per  square foot .  
t o  m a i n t a i n  f u l l  t e s t  conditions f o r  approximately 70 seconds at t h e  lower 
dynamic pressure and 40 seconds at the  higher dynamic pressure. 
description of the tunnel is  given i n  t h e  appendix of reference 6. 

The tunnel  includes a heat exchanger which i s  preheated t o  
Dynamic pressures range 

Air storage capacity i s  su f f i c i en t  

A more de ta i led  

Boundary-layer control.-  I n  an e f f o r t  t o  control  boundary-layer e f f e c t s  and 
assure uniform flow over the  wings, t h e  models were mounted on a r e f l ec t ion  plant 
of diamond planform w i t h  half-angle bevels at  the  leading and t r a i l i n g  edges. 
(See f ig .  5(a) . )  The r e f l ec t ion  plane was  located 8 inches from t h e  tunnel  f l o o ~  
and flow conditions were monitored by 15 stat ic-pressure o r i f i c e s .  Variation i n  
pressure over t he  top of t he  plane ranged from 12  percent above t o  3 percent 
below theo re t i ca l  values. 

Model s t ab i l i za t ion .  - During t h e  tunnel  s t a r t i n g  phase, flow separation 
from the nozzle w a l l s  imposed la rge  t r ans i en t  loads on the  models. 
t i o n  during t h i s  t rans ien t  period, t h e  wings were sandwiched between pieces of 
ba lsa  and plywood and s t ab i l i zed  by dowels extending from an air  ram at  the tun- 
n e l  sidewall. 
t i o n  w a s  provided during tunnel  shutdown. 

For protec- 

The s t ab i l i z ing  arrangement i s  shown i n  f igure  5(b). No protec- 

Test Procedure 

The wind-tunnel tests were m a d e  at stagnation temperatures and dynamic 
pressures which covered t h e  e n t i r e  operating range of t h e  tunnel. 
t i o n  temperature f o r  any given t e s t  w a s  predetermined and e s sen t i a l ly  constant. 
I n  some t e s t s ,  t h e  dynamic pressure was held constant; i n  other  t e s t s  it w a s  
varied manually i n  an e f f o r t  t o  cross the  f l u t t e r  boundary more than once, o r  t o  
approach the  boundary at  a pa r t i cu la r  point.  
guided by observation of t he  model on closed-circuit  t e lev is ion .  

The stagna- 

Changes i n  dynamic pressure were 

During the  tunnel  s t a r t i n g  phase, approximately 0.2 second p r i o r  t o  estab- 
lishment of supersonic flow, passage of t h e  normal-shock wave released the  sta- 
b i l i za t ion  apparatus. A 
beveled leading edge on the  plywood forced it t o  open away from t h e  t e s t  w i n g .  
Upon release, t he  models underwent o sc i l l a t ions  of considerable amplitude; how- 
ever, t h e  osc i l l a t ions  were highly damped and nondestructive. 

The dowels always released f i rs t  at  the  tunnel  w a l l s .  

RESULTS AND DISCUSSION 

Wing Temperatures 

Temperatures were obtained at  one or  more points  on each wing, at least 
u n t i l  t h e  onset of f l u t t e r .  After f l u t t e r  began, many of the  ex terna l ly  mountec 

8 



I 661-4816 ( a )  Model mounted i n  the  re f lec t ion  plane. Viewed from downstream. 

(b) S tab i l ized  model mounted i n  the re f lec t ion  p ime.  7icTW7ec? from upstream. 

Figure 5.- Test apparatus. 

L-61-4818 
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thermocouples became inoperative. Temperature data from two t e s t s  a re  presented 
i n  tab le  11. 
extensively instrumented and because the  t e s t  w a s  made a t  constant stagnation 
temperature and pressure j u s t  below t h e  f l u t t e r  boundary. Data from t h e  tes t  on 
wing A7 were chosen because t h e  model had iden t i ca l  thermocouple instrumentation 
on each s ide  of t h e  w i n g  (a t  locat ions 6, 8, and 13 as shown i n  f igure  2) ,  i n  
order t o  give an indicat ion of thermocouple r e l i a b i l i t y .  This wing w a s  t e s t e d  
i n  the  f l u t t e r  region a t  constant stagnation temperature but varying pressure.  

Data from the  t e s t  on wing A6 were selected because t h e  model w a s  

6 8 

Meas. Calc. %leas. Meas. C d c .  %leas. 

Time, 
sec 

I I 

O f  t he  f i f t e e n  thermocouples on w i n g  A6, only those numbered 1, 2, 4, 8,  9, 
11, 12, 14, and 15 yielded useful  data.  
t i v e  throughout t he  test, but apparently were interchanged and t h e  data from then 
w e r e  therefore discarded. 

Thermocouples 6 and 13 remained opera- 

1 3  

Meas. C a l c .  %leas. 
I I 

Temperature d i s t r ibu t ion  as a function of time w a s  computed f o r  w i n g s  A3, A: 

Meas- 
A6, and A7, with heat- t ransfer  coeff ic ients  obtained by t h e  method out l ined i n  
reference 7. 
ured and calculated temperatures f o r  wings A6 and A7 are compared i n  table  11. 
Agreement i s  seen t o  be f a i r l y  good except at t h e  locat ions of thermocouples 1 

Each wing w a s  divided i n t o  50 elements as shown i n  figure 6. 

Time, 

35 

1 

teas. Ca lc .  

240 
255 
262 
266 332 
T O  337 
T 2  339 

2 

Temperature, i n  ’+, for  thermocouple - 

- 
leas 
- 

60 
155 
224 
272 
305 
328 
343 
354 
362 - 

4 
__ 
:alc . 

59 
137 
215 
270 
308 
333 
351 
364 
373 

~ 

__ 

a 
~ 

C a s .  
~ 

60 
184 
250 
286 
307 
319 
3% 
333 
337 __ 

308 300 
334 328 

358 361 
366 371 
369 378 

14 

teas. 
- 

60 
102 
150 
183 
204 
218 
226 
231 
2% 

I I Temperature, i n  OF, f o r  thermocouple - I 

; 1 12 
10 282 

60 479 
65 1 474 

65 
193 
295 
347 
394 
433 
452 
469 
482 
491 
498 
501 
500 
494 

64 65 
189 1 98 284 1’37 

65 

189 

132 
175 

204 
220 
221 
224 
228 
231 
237 
240 
241 
241 

65 
106 
146 
168 
191  
210 
218 
226 
2% 
240 
246 
250 
253 
255 

419 

440 

459 

65 
175 
261 
307 
350 
387 
405 
4 m  
432 
441 
448 
452 
453 
451 

1 5  - 
!ale I 

59 
95 

126 
146 
157 
164 

173 
176 

- 

169 

- 

8Measured by thermocouple on oppos i te  s ide .  
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and 14 on wing A6, where the  g r id  spacing used i n  the  calculat ion prevented 
r e a l i s t i c  t r ans i en t  temperature response of elements 1 and 2. 
descr ipt ion of t he  method used f o r  the  calculations i s  given i n  t he  appendix. 

(See f i g .  6.) A 

Figure 6.- Fifty-element grid used for calculation of  temperature 
d is t r ibu t ion .  Linear dimensions axe i n  inches. 

F l u t t e r  Data 

F l u t t e r  data  a re  presented i n  t ab le  111. Shown i n  f igure  7 i s  a p lo t  of 
t he  f lu t te r -ve loc i ty  index - against  t he  wing temperature r i s e  AT. The 

%\/j? 

I .8 

I .6 

I .4  

1.2 

I .o 
V 

b U a W  
. 8  

.6 

.4 

. 2  

0 

I 
I 

I / 

/-Theory p o i h t  (unhea tep ’u ing )  1 
/ 

/ 
/ 

/ 

/ ,’  u utter r e g i o n  

S t a b l e  r e g i o n  

Wing 
O A  I 
O A 2  
O A  3 
A A 4  
A A  5 

A 6  

O A 8  
O A 9  

o A 7  

n A I O  

’0 Lou damping 
0 F l u t t e r  s t a r t  

F l u t t e r  s t o p  

- -- 

I O 0  2oc1 300 400 500 

A T . O F  

Figure 7.- An experimental f l u t t e r  boundary f o r  a 0.125-inch-thick 
I f l a t - p l a t e  arrow w i n g  showing t h e  e f f e c t  of aerodynamic heating. 



TABLE 111.- FUPPTE4 DATA 

82 - 182 0 - 100 139 
182 - 255 100 - 173 139 

Free-stream Free-stream 
~ n g l  ':ZgJ I v e l o c t y ,  density, 

s lugsfcu f t  

No f l u t t e r  733 - 1612 158 - 109 327 - 427 0.72 - 1.06 0 .73  - 1.08 
55 1612 - 1329 lo9 - l3l 427 - 416 1.06 - .96 1.08 - .98 1.0 - 10.0 2127 2616 0.000j24 - 0.000471 

Al 110.0 - 20.01 2616 I 2601 I .KO471 - .00039: 

~2 

A3 

A4 

1.0 - 10.0 2219 - 2505 0.0004j1 - 0.0006ji 
10.0 - 12.5 2505 - 2505 .000639 - .000771 
12.5 - y1.0 2505 - 2493 -000779 - .00151f 

1.0 - 10.0 2180 - 2633 O.ooO363 - 0.00057i 
10.0 - l l . 3  2633 - 26% .000577 - .00061: 
11.3 - 32.0 26% - 26% .000613 - .0013% 

1.0 - 12.4 2180 - 2356 0.000436 - 0.000914 
12.4 - 14.3 2356 - 2355 .COO914 - .001031 
14.3 - 27.0 2355 - 2344 .00103l - .00171: 

1.0 - 5.0 2390 - 2900 0.000450 - 0.000481 
A5 1 5.0 - 19.012900 - 2915 1 .ooo481 - .000471 

19.0 - 71.0 2915 - 2814 .COO471 - .ooo46( 

85 - 199 
199 - 213 
213 - 357 

I 

1 - 115 140 No f l u t t e r  863 - 2030 141 - 89 583 - 434 0.78 - 1.18 0.78 - 1.19 
115 - 130 140 Low damping 2030 - 2126 89 - 84 434 - 436 1.18 - 1 . 2 1  1.19 - 1.23 
130 - 273 140 60 2126 - 4641 84 - 33 436 - 431 1.21 - 1.80 1.23 - 1.82 

1.0 - 2.0 
2.0 - 4.0 
4.0 - 8.5 

2234 - ZIT 0.000376 - 0.000ggc 
2177 - 2845 . 0 0 0 B O  - .00061r 
2845 - 2832 .000616 - .00057: 

85 - 170 2 - 87 139 No f l u t t e r  1061 - 2099 119 - 77 296 - 353 0.86 - 1.21 0.88 - 1.23 
1.21 - 1.30 1.23 - 1.33 Low dsmping 2099 - 2444 77 - 66 353 - 352 iz I g+ Id I % I :z; I 71 12444 - 4717) 66 - 34/352 - 346 11.50 - 1.81(1.33 - 1.841 

67 - 70 
70 - 13'7 
137 - 248 

248 - 375 
375 - 414 
414 - 497 

3 - 6 140 No f l u t t e r  933 - 2346 136 - 52 464 - 574 0.81 - 1.28 0.84 - 1.33 
6 - 73 140 Low damping 2346 - 2493 52 - 83 574 - 593 1.28 - 1.32 1.33 - 1.37 
73 - 184 140 70 2493 - 2294 83 - 90 590 - 576 1.32 - 1.26 1.37 - 1.32 

184 - 3ll 140 No f l u t t e r  2-4 - 2148 90 - 98 576 - 599 1.26 - 1.22 1.32 - 1.27 
3ll - 350 140 Low damping 2148 - 2456 98 - 84 599 - 586 1.22 - 1.30 1.27 - 1.36 
350 - 433 140 No f l u t t e r  2456 - 3011 84 - 67 586 - 555 1.30 - 1.45 1.36 - 1.51 

~~ 

83 - 147 4 - 60 142 No f l u t t e r  1036 - 2537 118 - 56 239 - 260 0.85 - 1.3) 0.85 - 1.33 
60 - 69 142 Low damping 2537 - 2859 56 - 50 260 - 259 1.3) - 1.41 1.33 - 1.41 tgl I igp[ 69 - 107 1 142 1 75 12859 - 4714 50 - 34259 - 243 (1.41 - 1.8d1.41 - 1.811 

72 - 235 4 - 167 139 No f l u t t e r  990 - 1636 133 - 99 316 - 358 0.83 - 1.07 0.85 - 1.09 
235 - 2 9  167 - 170 Low damping 1636 - 1662 99 - 98 358 - 360 1.07 - 1.08 1.09 - 1.10 
2 9  - 258 I170 - 190 I t;; 1 55 (1662 - 19861 98 - ai360 - 346 11.08 - 1.18(1.10 - 1.201 

82 - 190 8 - U 6  142 No f l u t t e r  1285 - 2033 114 - 107 498 - 631 
406 1 9  - - 406 548 116 - - 332 474 1 ;;E /-----------1m33 - m i I i o 7  - 1091631 - 641 11.19 - i.i8/1.18 - 1.181 

No f l u t t e r  2001 - 1900 109 - 1ll 641 - 597 

0.95 - 1.19 0.94 - 1.18 

1.18 - 1.15 1.18 - 1.15 

No f l u t t e r  
Low damping 

54 

60 - 400 I 1 - 341 1 133 I No f l u t t e r 1  740 - 15061158 - 1231341 - 479 10.72 - 1.0210.76 - 1.09)  

1014 - 1766 132 - 100 352 - 435 
1766 - 1761 100 - 101 435 - 435 
1761 - 2114 101 - 86 435 - 439 

0.84 - 1.11 0.86 - 1.14 
1.11 - 1.11 1.14 - 1.14 
1.11 - 1.22 1.14 - 1.25 

~9 

1.0 - 18.0 2280 - 2629 0.000390 - 0.00051 
18.0 - 24.8 2629 - 2628 .COO511 - .000511 
24.8 - 28.1 2628 - 2637 .000510 - .fXC&i 

28.1 - 33.4 2637 - 2634 0.000608 - 0.00055' 
33.4 - 39.0 2634 - 2624 ..000557 - .00062 
39.0 - 44.0 2624 - 2634 .000623 - .0005r 

44.0 - 47.1 26% - 2620 0.000577 - O.O@%% 
47.1 - 53.5 26m - 2626 .am620 - .~co62( 
53.5 - 57.8 2626 - 2605 .000620 - .00068 

I I I I , I 

0.000350 - 0.001150 

0.000362 - 0.001081 
.001081 - .001208 

0.000363 - 0.001051 
.00l@l - .001079 
.001079 - .001161 
.001161 - .001167 
,001167 - ~001087 

IO.@X!&j5 - 0.001172 

78 - 263 1 4 - 189 I 1% 263 - 297 189 - 223 1 9  
297 - 311 223 - 237 1% 

76 - 515 4 - 443 180 No f l u t t e r  939 - 4964 183 - 56 496 - 653 0.58 - 1.34 0.57 - 1.31 

86 - 356 2 - 271 180 No f l u t t e r  889 - 4000 177 - 60 381 - 494 0.57 - 1.20 0.54 - 1.18 
356 - 397 271 - 313 180 Low damping 4000 - 4371 60 - 53 494 - 463 1.20 - 1.26 1.18 - 1.23 

85 - 154 1 - 66 180 No f l u t t e r  864 - 4398 176 - 61 495 - 640 0.56 - 1.27 0.55 - 1.25 
154 - 169 66 - 85 180 Low damping 4398 - 4535 61 - 59 640 - 641 1.27 - 1.29 1.25 - 1.26 
169 - 474 85 - 390 B O  85 4535 - 4939 59 - 55 641 - 6% 1.29 - 1.34 1.26 - 1.31 
474 - 494 390 - 410 180 Low damping 4939 - 4939 55 - 55 6 9  - 635 1.34 - 1.34 1.31 - 1.31 
494 - 520 410 - 436 180 No f l u t t e r  4939 - 4 9 6  55 - 59 635 - 551 1.34 - 1.25 1.31 - 1.22 

60 - 484 2 - 426 180 No f l u t t e r  1037 - 4618 147 - 55 479 - 557 0.61 - 1.29 0.60 - 1.26 1.0 - 37.0 

349 - 353 275 - 279 1 9  59 2002 - 2141 89 - 83 440 - 426 1.18 - 1.18 1.21 - 1.24 
353 - 358 279 - 284 NO f l u t t e r  2141 - 2 1 9  83 - 83 426 - 432 i.18 - 1.22 1.24 - 1.26 
358 - 560 I& - 286 1 :$ 1 59 (ab - 2314 83 - A 4 3 2  - 413 (1.22 - i.z7/1.L - 1.30 

2184 - 2807 

357 - 353 283 - 279 1 9  No f l u t t e r  2479 - 1674 74 - 101 392 - 398 1.27 - 1.08 1.30 - 1.11 

91 - 114 6 - 30 1 9  No f l u t t e r  1463 - 2583 97 - 69 418 - 470 1.01 - 1.34 1.04 - 1.9 
114 - 126 - 42 19 Lar damping 2583 - 2611 69 - 70 470 - 474 1.9 - 1.35 1.38 - 1.38 
126 - 567 42 - 283 1% 70 2611 - 1856 70 - 91 474 - 389 1.35 - 1.14 1.9 - 1.17 

0.156-inch-thick wing 8,: I 1.0 - 31.012314 - q9 
1.0 - 25.8 2217 - 2719 
25.8 - 36.0 2719 - 2€@ 

%'he t h i r d  na tu ra l  frequency w a s  taken as t h e  average value when it w a s  not  determined experimentally; i.e., t a b l e  I shows t h a t  t h e  frequency f o r  

bFrequency is  t h a t  existing a t  beginning of f l u t t e r  per iod.  

CStagnation temperature approached the  average test value i n  approximately 3 seconds; e.g., f o r  test A6, t h e  s tagnat ion temperature rqached 468' 

w i n g  Al vas not obtained; therefore ,  t h e  value shown 1s t h e  average value of 139 6 s .  

i n  3 seconds. 
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value of % w a s  taken as t h e  calculated value of t he  t h i r d  natural  frequency 
of t h e  unheated w i n g .  The mass-density parameter p i s  the  r a t i o  of the  mass 
of t h e  wing t o  t h e  mass of a volume of a i r  enclosing the  wing. 
a i r  i s  t h a t  of a cone with a base diameter equal t o  the  root chord and an a l t i -  
tude equal t o  t h e  semispan. The temperature r i s e  AT i s  the  calculated increase 
i n  temperature at a point 12 inches from the  leading edge, conduction being 
neglected. 
temperature r ise of element 23 ( see  f i g .  6) even i f  conduction were taken in to  
account. Heat t r a n s f e r  w a s  computed according t o  reference 7, with turbulent 
flow being assumed. 

The volume of 

This temperature r i s e  would correspond approximately t o  the  calculated 

Experimental f l u t t e r  points  were determined from t h e  strain-gage records 
and the  high-speed motion p ic tures .  The strain-gage records contain three  dis-  
t i n c t  areas, i l l u s t r a t e d  i n  figure 8, where portions of a typ ica l  record ( w i n g  A 3 )  
a r e  reproduced. 
a s m a l l  response, possibly due t o  tunnel turbulence, i s  recorded. The second area 
( f i g .  8 ( b ) )  ind ica tes  low damping immediately preceding o r  following f l u t t e r .  

The f i rs t  area ( f i g .  8 ( a ) )  represents no f l u t t e r ,  i n  which only 

(a) No f l u t t e r .  

(b) b w  damping. 

Figure 8.- Typical oscillogragh record. 



Low damping w a s  characterized by short  periods of model response. 
( f i g s .  8 (c )  and 8 ( d ) )  shows f l u t t e r ,  d iscernible  by t h e  l a rge r  amplitude and t h e  
sustained nature of t h e  response. 
nonuniform. 
i n  t h e  motion pictures  as a steady osc i l l a t ion  from side t o  side. 
motion appeared as a cycl ic  i r r egu la r  t race ,  and i n  t h e  motion p ic tures  as a 
large-amplitude whipping action accompanied by a higher frequency vibrat ion of 
s m a l l  amplitude at the  neutral  posi t ion.  Both t h e  harmonic and the  nonuniform 
motions were interpreted as f l u t t e r .  

The t h i r d  area 

Two types of f l u t t e r  a re  shown, harmonic and 
The harmonic motion appeared on t h e  record much l i k e  a s ine  wave and 

The nonuniform 

( c )  Harmonic f l u t t e r .  

(d) Nonuniform f l u t t e r .  

Figure 8.- Concluded. 
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I n i t i a l  tests were m a d e  t o  determine the approximate locat ion of t h e  f l u t t e r  
boundary (see f i g .  7) by choosing temperatures and dynamic pressures t o  cover the  
e n t i r e  operating range of the tunnel. Once the  general posi t ion of the  f l u t t e r  
boundary became apparent, both the  temperature and pressure were held constant, 
during some t e s t s ,  t o  keep the  number of variables t o  a minimum. Since the  
f lu t te r -ve loc i ty  index i s  a function of t h e  dynamic pressure, t h e  dashed l i n e s  
i n  f igure  7 ' i nd ica t e  t h e  pressure h i s to r i e s  of each t e s t .  Open symbols indicate  
the  beginning of low damping and f l u t t e r ,  and closed symbols indicate  points  at  
which f l u t t e r  stopped. 
point f o r  t h e  unheated w i n g  through t h e  f i e l d  of f l u t t e r  points t o  indicate  the  
approximate locat ion of t h e  f l u t t e r  boundary. 
f lu t te r -ve loc i ty  index a t  the  boundary dropped. 
aerodynamic heating induced thermal s t ress ,  a lower dynamic pressure w a s  required 
f o r  f l u t t e r .  The e f f ec t  w a s  qui te  severe. The f igure  shows t h a t  aerodynamic 
heating may lower t h e  f lu t te r -ve loc i ty  index by as much as one-third. 
perature rise beyond 175' F, t h e  experimental data  showed t h a t  t he  f l u t t e r  bound- 
ary had a rising trend, indicat ing the  t rans ien t  nature of t h e  f l u t t e r  response 
and t h a t  thermal-stress changes permitted some recovery of wing s t i f f n e s s  so t h a t  
g rea te r  dynamic pressure w a s  required t o  induce o r  maintain f l u t t e r .  

The so l id  fa i red  l i n e  w a s  drawn from t h e  theo re t i ca l  

A s  t h e  temperature rose, t h e  
This r e su l t  indicated t h a t  when 

A t  a t e m -  

A qual i ta t ive  ins ight  i n to  the  e f fec t  of aerodynamic heating on f l u t t e r  can 
be gained by an examination of t he  isothermal p lo t s  of f igure  9. The p lo t s  show 
calculated temperatures f o r  w i n g s  A3 and A5, with turbulent flow assumed t o  ex i s t  
over t h e  e n t i r e  w i n g  surface. Superimposed i n  each f igure  i s  a diagram re l a t ing  
t h e  p l o t  t o  t h e  experimental f l u t t e r  boundary. 
e f f ec t  of aerodynamic heating. Early i n  t h e  t e s t  t he  thermal gradients between 
t h e  i n t e r i o r  of t h e  wing and the  leading and trailing edges increased, as indi-  
cated by t h e  number and spacing of t h e  isotherms. 
high compressive s t r e s ses  t o  ex i s t  i n  t he  areas along the  leading and t r a i l i n g  
edges while t h e  cent ra l  port ion of t h e  wing remained r e l a t ive ly  cool. 
stress d i s t r ibu t ion  has been shown i n  reference 8 t o  r e su l t  i n  a l o s s  of wing 
s t i f f n e s s  - a condition favorable t o  t h e  onset of f l u t t e r .  

Each s e t  of f igures  shows t h e  same 

These thermal gradients caused 

Such 

The pressure and temperature h i s to r i e s  fo r  t h e  t e s t s  of wings A3  and A5 were 
d i f fe ren t ,  but i n  both cases f l u t t e r  occurred a t  a time when t h e  temperature dis- 
t r i bu t ion  and thermal gradients were similar. W i n g  A3 f l u t t e r ed  continuously 
after t h e  f l u t t e r  point w a s  reached, even though t h e  temperature d i s t r ibu t ion  
changed considerably. 
phenomenon on both the  thermal loading and the  dynamic pressure. I n  t h i s  test, 
t h e  dynamic pressure increased as t h e  t e s t  progressed. (See f i g .  7.) During 
t h e  t es t  on wing A5, f l u t t e r  began a t  5 seconds and stopped at 19 seconds, even 
though t h e  dynamic pressure remained constant. The temperature d i s t r ibu t ion  at 
5 seconds resu l ted  i n  a stress pa t te rn  which caused a reduction i n  wing s t i f f -  
ness; whereas, at 19 seconds, s t i f f n e s s  w a s  regained and f l u t t e r  stopped. Com- 
paring t h e  temperature d i s t r ibu t ion  at 5 seconds t o  t h a t  a t  20 seconds and 
30 seconds, it i s  seen t h a t  although the gradleiit a t  the leading edge has changed 
very l i t t l e ,  i n e  gradient normal t o  the  trailing edge, and hence the  thermal 
stress i n  t h i s  region, has been reduced. The temperature gradients normal t o  the  
wing root increased throughout t he  t e s t  and may have contributed t o  t h e  increased 
s t i f fnes s  which caused f l u t t e r  t o  stop. 

Such behavior i s  due t o  the dependence of t h e  f l u t t e r  
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Reference 5 gives a procedure f o r  calculat ing the  f l u t t e r  boundary f o r  t h i n  

This method w a s  used t o  compute f l u t t e r  boundaries f o r  
The f i r s t  four  calculated 

w i n g s  at supersonic speeds. 
sect ion of t he  appendix. 
both the  0.125-inch-thick and 0.156-inch-thick wings. 
natural  modes and frequencies f o r  t he  unheated wing were used i n  the  analysis.  
The boundaries are p lo t ted  i n  f igure  10. 
i n  the  same graph f o r  comparison. Since t h e  calculated f l u t t e r  boundary did not 
include the e f fec t  of thermal s t ress ,  t h e  discrepancy between the  theo re t i ca l  
boundary and t h e  experimental f l u t t e r  points  i s  a t t r i bu ted  la rge ly  t o  t h e  e f f ec t  
of aerodynamic heating. Attached t o  each experimental point i s  a number showing 
the  stagnation temperature at which the  tes t  w a s  m a d e .  
experimental points from the  calculated f l u t t e r  boundary i s  not necessarily pro- 
portional t o  t h e  stagnation temperature. The stagnation temperature i s  at least 
roughly related t o  t h e  heating r a t e  t o  which a model i s  subjected and, thus, t o  
the  maximum l e v e l  of thermal s t r e s s .  The in t ens i ty  and d i s t r ibu t ion  of such 
s t ress ,  however, var ies  continuously throughout a t e s t  and, i n  many cases, f l u t -  
t e r  may s t a r t  a t  times when the  s t r e s s  l e v e l  i s  not a t  i t s  m a x i m u m  value. 

A br ief  ou t l ine  of t h e  method i s  given i n  t h e  last 

Experimental f l u t t e r  points  a re  shown 

The separation of t h e  

Unfortunately, t he  tunnel i n  which the  t e s t s  w e r e  conducted could not be 
operated a t  stagnation temperatures below 2300 F; therefore,  a d i r ec t  check on 
the  unheated f l u t t e r  boundary could not be obtained. However, t h e  theore t ica l  
boundary compares reasonably well even with t h e  experimental values f o r  t h e  
heated w i n g s .  Since t h e  absence of heating would increase the  magnitude of the  
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Figure 10.- Comparison of calculated and experimental f l u t t e r  boundaries for wings A and B. 
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s t a b l e  region, it may be expected that  if the e f f ec t  of heating were eliminated 
from the experimental data, agreement would be fu r the r  improved. 

A s e r i e s  of t e s t s  has been m a d e  at  a Mach number of 3 i n  a heated wind tun- 
n e l  t o  inves t iga te  t h e  e f f ec t  of aerodynamic heating on the f l u t t e r  of f l a t - p l a t e  
aluminum arrow w i n g s .  From t h e  r e su l t s  of the tests, an experimental f l u t t e r  
boundary w a s  obtained which showed t h a t  thermal stress induced by aerodynamic 

As heating 
continued, t h e  f l u t t e r  boundary turned upward. This rising trend indicates  t h e  
t r ans i en t  nature of t h e  phenomenon. Experimental wing temperatures were compared 

' heating reduced t h e  f lu t te r -ve loc i ty  index by as much as one-third. 

CONCLUDING RESIARKS 

Natural modes and frequencies f o r  t h e  unheated wing  were computed and the  
results compared with measured frequencies and nodal pat terns .  The agreement 
w a s  consis tent ly  good. The calculated modes and frequencies were used, along 
with piston-theory aerodynamics, t o  compute a f l u t t e r  boundary which did not 
include t h e  e f f ec t  of aerodynamic heating. 
ured f l u t t e r  points  which d id  include t h e  e f fec t  of aerodynamic heating. 
calculated f l u t t e r  boundary i s  i n  reasonable agreement w i t h  the  experimental 
results. 

The r e s u l t  w a s  compared t o  t h e  meas- 
The 

Langley Research Center, 
National Aeronautics and Space Administration, 
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APPENDIX I 

coefficients,  based upon turbulent flow, were computed by t h e  method of refer-  
ence 7 for  f l a t  p la tes  by using the  equation 

COME'UTATION METHODS 

h =  

where k, Npr, N R ~ ,  and s a re  evaluated at t h e  reference temperature T* 
where 

Then a heat-balance equation of t he  form 

w a s  writ ten f o r  each element. The summation i n  the  second term means t h a t  a 
term of t he  type shown w a s  included f o r  each element adjoining element n. 
time increment T w a s  taken as 1 second. The clamping blocks a t  the  root were 
assumed t o  be equivalent t o  an i n f i n i t e  heat sink. 
heat- t ransfer  and heat-balance equations yielded t h e  temperature of each element 
a t  the end of each t i m e  increment. 

The 

Repeated solut ions 3f the  

Vibration Calculations 

I n  order t o  calculate t h e  na tura l  modes and frequencies, t h e  wing w a s  
divided in to  37 elements as shown i n  f igure  11. 
inasmuch as t h e  9 elements bordering t h e  root are assumed not t o  de f l ec t . )  
mass of each element w a s  assumed t o  be concentrated at a point which f i t t e d  in to  
a uniform grid. 
gr id  points.  The " t o t a l  po ten t i a l  energy" of t he  wing, defined as t h e  d i f f e r -  
ence between the  in t e rna l  s t r a i n  energy and the  external  work due t o  i n e r t i a l  
loading, w a s  expressed i n  terms of t h e  unknown deflect ions of t h e  g r i d  points .  
Minimization of t h e  t o t a l  po ten t i a l  energy with respect t o  each of t h e  grid-point 

(Only 28 elements a re  numbered 
The 

The mode w a s  assumed t o  be represented by t h e  def lect ions of t h e  
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' t b  25.50 - -7 

t i ons  and associated frequencies. 
harmonic motion. 
intended merely t o  out l ine  t h e  pr inciples  applied. 
t i o n  of t h e  method is  given i n  reference 4. 

The solution i s  based upon the  assumption of 
Many d e t a i l s  of t he  work are omitted here; t h i s  discussion i s  

A much more complete descrip- 

Figure 11.- Grid used for ca lcu la t ion  of natura l  v ibra t ion  modes and frequencies. 

I n  order t o  apply t h e  method of  reference 5 t o  calculate  a f l u t t e r  bound- 
ary, it i s  necessary t o  know t h e  wing geometry, properties of t h e  wing material, 
t h e  aerodynamic conditions t o  which the  wing i s  exposed, and, i n  addition, a 
suf f ic ien t  number of t h e  na tura l  modes and frequencies so  t h a t  the f l u t t e r  mode 
may be depicted with reasonable accuracy by sui table  combinations of t h e  natural  
modes. 

No attempt i s  made t o  describe the  complete procedure f o r  making f l u t t e r  
calculations,  but  t he  method w i l l  be outlined br ie f ly .  
11 spanwise s ta t ions ,  and t h e  d is tor ted  shape at  each s t a t i o n  f n r  esch zztural, 

The wing i s  divided in to  
I 
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mode of vibrat ion i s  approximated by a polynomial. The f l u t t e r  mode i s  then 
assumed t o  be represented by some combination of t h e  natural  modes as expressed 
by t h e i r  polynomials. 
t h e  unknown deflect ions of t h e  f l u t t e r  mode. Aerodynamic forces  a l so  a re  
expressed i n  terms of these unknown deflect ions according t o  piston-theory aero- 
dynamics. The t o t a l  energies and forces  of t he  system a re  obtained by integra-  
t i o n  over t h e  surface of t h e  wing. These terms, along with a generalized damping 
force, are  subst i tuted in to  Lagrange's equation of motion. A t  t h i s  point, har- 
monic motion i s  assumed, and the  fu r the r  assumption i s  made t h a t  t h e  damping 
coeff ic ient  i s  the  sane f o r  a l l  vibrat ion modes. This procedure leads t o  a s e t  
of simultaneous equations whose s i z e  depends upon t h e  number of na tura l  modes of 
vibrat ion considered i n  t h e  analysis.  
determinant i s  obtained which may be solved f o r  t h e  combinations of air  density 
and velocity which a re  on t h e  border l i n e  between t h e  stable region and t h e  f l u t -  
t e r  region. A number of solutions f o r  d i f f e ren t  f l i g h t  conditions y ie lds  a f l u t -  
t e r  boundary. 

Poten t ia l  and k i n e t i c  energies are wr i t ten  i n  terms of 

From these equations, a complex f l u t t e r  

All t he  computations described i n  t h i s  appendix were performed w i t h  t he  aid 
of high- speed computing equipment. 
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